Physiological aspects of abscisic acid (ABA) as a drought pretreated with cycloheximide (CHI), an inhibitor of protein biosynthesis that abolished ABA accumulation in the leaflets. signal directed specifically at guard cells are topical research Next, the leaflets were water stressed. After incubation, leaflets foci. Most investigations concentrate on the importance of were snap-frozen and freeze-dried. Guard cells were individuremote sources of ABA against the background knowledge that leaves are also a source of ABA. Foliar compartmentation of ally dissected from the leaflets; such guard-cell samples contain ABA and water-stress-induced release of cellular ABA into the both apoplastic and symplastic ABA. The ABA content of apoplast imply additional levels of complexity. In the present guard cells of CHI-treated, water-stressed leaflets was less than study, we established that the pre-existing foliar ABA pool can that of control water-stressed leaflets, but higher than that of be moved to guard cells. We detached leaflets of Vicia faba L.
Introduction
Intensive efforts to elucidate the physiological means by which abscisic acid (ABA) serves as a drought signal for guard cells have revealed complex mechanisms. At one level of complexity, bulk-leaf ABA concentrations are influenced by independent environmental parameters such as light (see, e.g., Kraepiel et al. 1994) . At a second level of complexity, leaves export (Hoad 1973) , import (Mansfield and De Silva 1994) , and synthesize ABA (Zeevaart and Creelman 1988) . In addition, there is non-steady-state compartmentation of ABA within leaves (see, e.g., Slovik et al. 1992 ). More specifically, guard cells themselves synthesize ABA (Cornish and Zeevaart 1986 ) and convert it to inactive compounds (Grantz et al. 1985) . Finally, barriers to solute movement in the apoplast (Canny 1995) confound simplifying assumptions. Thus, even though foliar water stress causes a release of ABA into the leaf apoplast (see, e.g., Hartung et al. 1988) , bulk-leaf apoplastic ABA concentration may not be directly related to the ABA concentration in the guard-cell apoplast (Munns and Sharp 1993) . In conclusion, an explanation of how ABA functions physiologically requires a knowledge of how complementary spatial and chemical sources and sinks of ABA interact in the modulation of guard-cell ABA concentration. Other physiological aspects Abbre6iations -ABA, abscisic acid; CHI, cycloheximide. Physiol. Plant. 108, 2000 tions. Upon imposition of water stress on detached leaflets in the presence of CHI, guard cells accumulated additional ABA. From these results obtained at the cellular level, we concluded that redistribution of pre-existing foliar ABA to guard cells is one mechanism by which the ABA concentration in guard cells may be increased.
Materials and methods

Plant material
Vicia faba L. cv. Long Pod plants were cultured in Fafard c2 potting mixture (V. J. Growers, Palatka, FL, USA) in a Percival growth cabinet (14-h photoperiod [25/20°C], 500 mmol m − 2 s − 1 provided by a mixture of incandescent and fluorescent bulbs, and 60% relative humidity). Young, fully expanded bifoliate leaves of 3-to 4-week-old plants were used in all experiments. On harvesting (see Treatments), leaflets were quickly frozen in liquid nitrogen slurry and freeze-dried ( −25°C, B13 Pa, 48 h). The freeze-dried leaflets were stored under vacuum at −20°C until the extraction or dissection of single-cell-size samples in a room with controlled temperature and humidity (19°C, 40% relative humidity). (Guard cells dissected and processed thus contain both the apoplastic and the symplastic contents.) General protocols for quantitative plant histochemistry outlined above are given elsewhere (Hampp and Outlaw 1987) , along with documentation of the precision of hand dissection of guard cells.
Treatments
Initial, unstressed, untreated control values (t o ) were obtained from leaflets that were frozen immediately upon excision from an undisturbed plant. Other values were obtained from plants that were allowed to transpire from water or from a solution of 1 mM HEPES-KOH (pH 8), 9 25 mg CHI ml − 1 , as described below: shoots of well-watered plants were cut off under water at the crown and trimmed to :10-15 cm in length with one bifoliate remaining, 1 cm from the cut apical end. The basal end of this simplified shoot system was submerged in water, HEPES, or HEPES +CHI. After a 2-h transpiration period under daytime growth-cabinet conditions, some leaflets were quickfrozen. [During this time, transpiration was estimated to replace the aqueous phase of the leaf apoplast about 3-fold with xylem fluid (Ewert et al. 2000) .] The remaining leaflets were either immediately sealed with a moist towel inside plastic bags ('unstressed'), or dehydrated for about 15 min ('stressed') to 90% fresh mass before being sealed in plastic bags. Generally, one leaflet of the bifoliate was used as an unstressed sample, and the sister leaflet was used for the corresponding stressed sample. We incubated both types of samples in darkness for 4 additional hours to allow for ABA biosynthesis, catabolism, or redistribution.
ABA analysis
For macroanalysis, ABA was extracted from leaf-tissue samples ( : 250 mg dry mass) with 200 ml of 80% (v/v) aqueous and then 200 ml of 100% methanol that contained 100 mg l − 1 butylated hydroxytoluene for 24 and 6 h, respectively, at 4°C in darkness. The combined extracts were dried under N 2 , and the residue was dissolved in 50 ml methanol and diluted with 200 ml Tris-buffered saline (50 mM Tris-Cl, pH 7.8, that contained 150 mM NaCl and 1 mM MgCl 2 ).
For microanalysis, ABA was extracted from pooled single-cell samples ( : 25 cells depending on the expected ABA content and cell type) in a 50-nl droplet of 80% (v/v) aqueous methanol that contained 100 mg l − 1 butylated hydroxytoluene and 11% (w/v) sucrose for 24 h in the dark (inclusion of sucrose, which did not affect the subsequent assay, was to increase the density of the extraction droplet). Each methanolic-extract droplet was diluted by an addition of 1 ml of Tris-buffered saline. In no case did the final methanol concentration exceed 5% (v/v).
ABA was estimated by an enzyme-amplified ELISA as described elsewhere , and references therein).
Results
CHI abolished water-stress-induced ABA accumulation in detached Vicia leaflet
Rapid water loss from a detached Vicia leaflet to 90% of its original fresh mass led to a 20-to 30-fold increase in whole-leaf ABA content during a subsequent 4-h incubation period ( Fig. 1 ). When detached leaflets were fed 25 mg CHI ml − 1 via the transpiration stream for 2 h before the stress and incubation period, the increase in whole-leaf ABA content was prevented (Fig. 1) . A further experiment using 300 mg CHI ml − 1 yielded similar results: 0.15 (unstressed) and 0.24 (stressed) mmol ABA kg − 1 dry mass. These absolute values obtained with CHI pretreatment before stressing are similar to those of water-sufficient Vicia leaflets reported by Harris et al. (1988) , and they corroborate reports that the water-stress-induced accumulation of ABA in isolated leaves is a result of de novo ABA biosynthesis (Milborrow and Robinson 1973 ) with a requirement for translation (Guerrero and Mullet 1986) . As ABA synthesis is blocked by CHI, albeit indirectly, the absence of a water-stress-induced change in bulk-leaf ABA values in the presence of CHI (25 mg CHI ml − 1 [ B0.1 mM]) implies that there was also little ABA catabolism in the presence of CHI. Other inhibitors of ABA biosynthesis (fluridone, anoxia and chloramphenicol) were less effective than CHI and were not tested further.
Water-stress-induced ABA accumulation was cell-specific
Bulk-tissue measurements of ABA potentially obscure quantitative differences in cellular localization within the leaflet (Harris and Outlaw 1991) . We therefore compared the ABA contents of two types of leaf cells that are not known to be specific targets of ABA with bulk-tissue values under different conditions. First, we assayed palisade parenchyma cells because they are the chloroplast-and protein-rich preponderant cell type in Vicia leaflet. In the present study, these cells had an ABA Physiol. Plant. 108, 2000 content of :2 mmol ABA kg − 1 dry mass ( : 25 amol cell − 1 ) after CHI pretreatment, water stress and an incubation period. This value matched earlier values for palisade cells of water-sufficient leaflet (Harris et al. 1988 ; conversion factors compiled in Outlaw et al. 1985, Harris and . Thus, the CHI inhibition of water-stress-induced accumulation of ABA in whole leaflet extracts was also observed in palisade cells, indicating the validity of the micromethods.
Second, we assayed samples of epidermal cells for ABA because epidermal cells are contiguous with guard cells and because they contrast morphologically and biochemically with palisade cells and with guard cells. Pretreatment of detached leaflet with 25 mg CHI ml − 1 resulted in a high ABA content of epidermal cells regardless of whether the leaflet was water stressed (14 mmol ABA kg − 1 dry mass) or not water stressed (12 mmol ABA kg − 1 dry mass). These values are comparable to those of epidermal cells taken from a water-stressed leaflet [14 mmol ABA kg − 1 dry mass (Harris and Outlaw 1991) ], and they are much higher than those of epidermal cells taken from a water-sufficient leaflet [: 0.6 mmol ABA kg − 1 dry mass (Harris and Outlaw 1991) ]. We are unable to offer an unambiguous explanation for the pronounced and specific accumulation of ABA in unstressed epidermal cells in response to HEPES/CHI, but these results corroborate ABA distribution heterogeneity (cf. Harris and Outlaw 1991) 
Water stress caused redistribution of ABA to guard cells
Earlier, we found that ABA accumulates [ : 25-fold, to 14 mmol ABA kg − 1 dry mass (Harris et al. 1988) ] in guard cells after the imposition of leaf water stress and that ABA accumulates much faster in guard cells (9-fold within 15 min) than it does in other leaf cells (Harris and Outlaw 1991) . Although these two studies resolved the paradox that an ABA-mediated decrease in stomatal conductance may precede an increase in the bulk-leaf ABA content, they did not reveal the source of the accumulated ABA. In general, guard-cell ABA has 3 potential sources: (a) import via the xylem, which correlates with water stress (see, e.g., Davies and Zhang 1991) ; (b) synthesis of ABA by guard cells themselves (Cornish and Zeevaart 1986 , but see Slovik et al. 1992 for conflicting references); and, (c) redistribution of pre-existing ABA within the leaflet, which, to our knowledge, has not been investigated empirically at the cellular level. Accordingly, the primary goal of the present study was to determine whether ABA from other sources within the leaf might be redistributed to guard cells. By using detached leaflets, we eliminated import, and by using CHI, we eliminated de novo synthesis and catabolism. In a first set of experiments, we confirmed the earlier result of Harris et al. (1988) that guard cells of water-sufficient leaflets have a low ABA content ( 5 0.5 mmol kg − 1 dry mass), and that guard cells of water-stressed leaflets have a high ABA content (12 mmol kg − 1 dry mass). In these preliminary experiments, pretreatment via the transpiration stream with CHI caused a higher ABA content of guard cells of watersufficient leaflets (2.8 9 0.3 mmol kg − 1 dry mass; SE, n=4) and a lower ABA content of guard cells of water-stressed leaflets (6.5 9 0.7 mmol kg − 1 dry mass; SEM, n=4). From these results, we concluded that pre-existing ABA can remobilize within the leaf and accumulate in guard cells.
The foregoing interpretation was subjected to various tests in further experiments (Fig. 2) . We determined the ABA contents of guard cells of water-sufficient and waterstressed leaflets (water and HEPES controls) by pooling large numbers of samples and conducting a single analysis in triplicate; these values, therefore, do not have error bars. Obtained at high precision, these values were benchmarks for the present study and confirmed previous results (Harris et al. 1988, Harris and . Other data in Fig. 2 show error bars and were obtained by multiple sampling protocols that permitted statistical comparisons. Five water, HEPES and time controls were conducted under non-stress conditions (Fig. 2) : guard cells of detached water-sufficient leaflets that transpired for 2 h with the simplified shoot system immersed in water or HEPES had approximately the same ABA content (1 -2 mmol kg − 1 dry mass) as guard cells dissected from a water-sufficient leaflet that was frozen immediately upon detachment. Similarly, a further 4-h incubation of water-sufficient leaflets caused no elevation in guard-cell ABA levels, in either the water or the HEPES control. In this lot of plants, the unstressed whole-leaf Fig. 1 . The effect of water stress on the ABA content of V. faba L. leaflets. Detached leaflets were allowed to transpire from either water or 1 mM HEPES (pH 8) solution that contained 25 mg CHI ml − 1 for 2 h before some leaflets were water stressed. [Water was used as a control because, in other work (Guerrero and Mullet 1986) , HEPES alone caused a modest increase in ABA concentration.] After a further 4-h incubation to allow for ABA synthesis, samples were taken. Error bars are SEs of extracts of different leaflets (n ]4 experiments). Physiol. Plant. 108, 2000 Fig. 2. The effect of CHI pretreatment on the accumulation of ABA in guard cells in control and water-stressed leaflets of V. faba L. The first 3 water controls () show the ABA contents of guard cells under water-sufficient conditions: t o , guard cells from leaflets that were snap-frozen immediately upon detachment at the beginning of the experiment; t 2 , guard cells from illuminated leaflets of shoots that were trimmed to a simple single-bifoliate system and allowed to transpire with the base of the excised shoot in water for 2 h before quenching; t 6 , like t 2 , except leaflets were excised after 2 h of transpiration and then incubated inside an air-tight bag for an additional 4 h before quenching. A fourth water control () shows the ABA contents of guard cells under water-stress conditions. For these samples, the leaflet was water stressed (: 15 min) after the 2-h transpiration period and before the 4-h incubation period. Three HEPES controls ( ) show the ABA contents of guard cells of leaflets that transpired from a 1 mM HEPES (pH 8) solution, but, otherwise conditions were like those for water controls. Three CHI treatments (b) show the ABA contents of guard cells of leaflets that transpired from a 1 mM HEPES (pH 8) solution that contained 25 mg CHI ml − 1 , but, otherwise, conditions were like those for water controls. The water and HEPES controls (both watersufficient and water-stressed samples) were obtained at high precision by pooling samples and do not show error bars. In other cases, error bars are SEs (n] 4 experiments); the SE for the CHI-treated water-sufficient sample at t 6 was too small to display. conclusion of this report. With only 2 h incubation with CHI, however, the CHI effect on the ABA levels of guard cells of water-sufficient leaflets was small. With a further 4-h incubation, a CHI-induced elevation of guard cell ABA content was more evident.
The ABA content of guard cells of CHI-treated, waterstressed leaflets was higher than that of CHI-treated, watersufficient leaflets (Fig. 2) . This elevated ABA level is \ 4-fold higher than that of guard cells of water-control leaflets, and exceeds by \ 3-fold the ABA required for stomatal closure in Commelina communis L. (Weyers and Hillman 1979) . Therefore, these results and those of the first experiment indicate that guard cells can accumulate a physiologically significant amount of ABA in the absence of import and in the absence of ABA synthesis.
Discussion
A comprehensive understanding of any ABA response requires knowledge of the localization and the properties of the ABA receptor(s) and the quantitative localization of ABA at the site of the receptor(s). So far, this understanding has not been achieved, although progress has been made, as outlined in the following: first, an ABA receptor for guardcell responses has not been unambiguously identified in plants (Assmann and Shimazaki 1999) although there are promising leads in the identification of a receptor (Pedron et al. 1998) . Second, there are several cellular compartments of ABA, as indicated by cell fractionation (see, e.g., Kaiser et al. 1985) , efflux and exchange analysis (Bray and Zeevaart 1986 ) and immunogold localization (Zhang et al. 1996) . However, kinetics of cellular pool-size changes in guard cells upon exposure to and recovery from drought have not been published to our knowledge, but are the subject of ongoing work (SQ Zhang, WH Outlaw Jr, unpublished) . Third, a cytoplasmic locus for ABA perception in guard cells has been identified, as indicated by induction of stomatal closure by microinjection of ABA (Allan et al. 1994 , Schwartz et al. 1994 and by the inhibition of inward-conducting K + channels by the inclusion of ABA in the pipette during whole-cell patch clamping (Wang et al. 1998) . On the other hand, microinjection of ABA into guard cells may not cause stomatal closure (Anderson et al. 1994) , and there is abundant evidence for a plasma membrane-localized, outwardfacing ABA receptor. This evidence includes the stimulation of inward Ca 2 + conductance by external ABA, the presence of various elements of the isopentenyl adenosine (IP 3 ) signaling cascade (for references, see MacRobbie 1997), and the evocation of an ABA-regulated gene by external exposure of cells (Schultz and Quatrano 1997) to an impermeant ABA-protein conjugate or to dissociated (and thus impermeant) ABA. Given the uncertainties outlined above and technical limitations, our experimental approach was conservative; the measurements of ABA in guard cells individually dissected from intact leaf include both the apoplastic and symplastic compartments. Our interpretation is consistent with this conservative approach; viz. an existing foliar pool of ABA is one source of ABA that accumulates in guard cells. guard-cell ABA contents (x= 1.8 mmol kg − 1 dry mass) were somewhat higher than is typical for guard cells of an unstressed Vicia leaflet (preceding paragraph), but, nevertheless, these data show that the physical experimental manipulations did not change the ABA content of guard cells.
At the end of the 2-h transpiration period, guard cells of CHI-treated water-sufficient leaflets appeared to have modestly elevated ABA contents (compared with those of watercontrol leaflets, Fig. 2 ). This result corroborated our previous result (above) and is consistent with the general Physiol. Plant. 108, 2000 Despite its importance, the aqueous milieu of the leaf apoplast is poorly characterized; in general, concentrations of substances in localized areas of the leaf apoplast are unknown, or reports are conflicting. It is known, however, that the leaf apoplast is an exceedingly heterogeneous compartment (Ewert et al. 2000) . Thus, the formulation of a cocktail for xylem feeding is problematic. In the experiments reported here, we used a HEPES solution buffered at pH 8, as described by Guerrero and Mullet (1986) , who reported a small ABA concentration increase attributable to this buffer. The use of a neutral buffer may appear counter-intuitive because the bulk-leaf apoplast is acidic. However, the provision of a weak neutral solution is justified on several grounds for the present study. First, the apoplastic pH of guard cells of closed stomata is near neutrality (Edwards et al. 1988) . Second, external acidification causes a perturbation of membrane transport in guard cells. Thus, external acidification slows inactivation and reactivation of guard-cell anion channel 1 (Schulz-Lessdorf et al. 1996) , the channel that initiates stomatal closure, and acidification changes conductance of K + channels (Han et al. 1996, Roelfsema and Prins 1998) in complex ways. Third, plants have regulatory mechanisms to maintain apoplastic pH (Felle 1998) . Thus, after the infiltration of Bromus erectus leaves with solutions of pH 4 -7, the apoplastic sap was always near pH 6 after 1 h, and always near pH 5 after 4 h ( HH Felle, unpublished) .
We acknowledge that CHI has many physiological effects, including an inhibition of dark-induced stomatal closure (Li and Walton 1990 ) and a failure to maintain stomatal closure in darkness (Thimann and Tan 1988) . Some of these effects may impinge upon the signaling network by which ABA regulates stomatal-aperture size, and others may directly affect the biophysical mechanisms by which stomata move. We do not address those issues because they do not detract from our conclusion that guard cells can accumulate ABA in the absence of both import from remote sources and foliar synthesis.
In summary, upon water stress, ABA stores within the leaf symplast are released to the apoplast (Hartung et al. 1988) . Uncertainties remain, but these stores have been shown to be located in the mesophyll and, more recently, in the epidermis (Daeter and Hartung 1995) . As mature guard cells lack plasmodesmatal connections with other cells, the elevated ABA level in the apoplast is a source for the accumulation of ABA by guard cells, as shown in the present study. Indirectly, our data indicate that ABA synthesis (or, at least, de novo protein synthesis), by either guard cells or other leaf cells, is required for ABA accumulation to the maximum level.
